1. Introduction {#sec1-molecules-25-01837}
===============

Alzheimer's disease (AD) is the most common form of dementia and a public health concern worldwide. AD is the fifth leading cause of death among people over 65 years old \[[@B1-molecules-25-01837]\] and growth of AD prevalence is expected. In the USA, the care cost for dementia patients has been estimated at \$290 billion, rendering a huge economic problem for society \[[@B2-molecules-25-01837]\]. AD is a chronic neurodegenerative disorder that is characterized by the loss of cholinergic neurons, low levels of acetylcholine, and aggregation of neurotoxic amyloid beta plaque. Loss of cholinergic neurons located in the basal forebrain leads to reduced production of the neurotransmitter, acetylcholine, which is involved in memory and cognitive functions. Hence, inhibition of acetylcholine-degrading enzymes, cholinesterases (acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)), may improve attention span and cognitive ability \[[@B3-molecules-25-01837]\]. The accumulation of amyloid beta or beta amyloid (Aβ) peptides results from the cleavage of transmembrane amyloid precursor protein (APP) by β-site amyloid precursor protein cleaving enzyme 1 or beta-secretase 1 (BACE-1) as one of the AD hallmarks \[[@B4-molecules-25-01837]\]. The Aβ peptides, either as Aβ~1--40~ or Aβ~1--42~, are secreted and aggregated as a dense senile plaque due to their hydrophobic properties. However, familial AD patients usually exhibit a higher ratio of Aβ~1--42~ in the brain, indicating that Aβ~1--42~ may be used as a marker for AD pathogenesis \[[@B5-molecules-25-01837]\]. Therefore, besides cholinesterase inhibitors, BACE-1 inhibitors could be a target of interest for AD prevention.

Several epidemiological reports have documented that the consumption of fruits and vegetables may prevent or delay the onset of degenerative diseases, including AD and dementia \[[@B6-molecules-25-01837],[@B7-molecules-25-01837]\]. Anthocyanins are flavonoids and occur in fruits and vegetables, mostly in berries. It has been shown that anthocyanins prevent streptozotocin-induced sporadic dementia of Alzheimer's type by decreasing AChE activity in both the cerebral cortex and hippocampus of rats \[[@B8-molecules-25-01837]\]. Furthermore, anthocyanins, including cyanidin-3-glucoside, delphinidin-3-glucoside, and petunidin-3-glucoside, suppressed BACE-1 expression in the hippocampal neurons of Aβ~1--42~-treated rats \[[@B9-molecules-25-01837]\]. These data support the postulation that anthocyanin-rich foodstuffs may exert anti-AD properties and promote AD prevention and treatment.

The mulberry tree belongs to the family Moraceae. Three important mulberries are widely grown as *Morus alba*, *Morus rubra*, and *Morus nigra* \[[@B10-molecules-25-01837]\]. Interestingly, *M. nigra* has been reported to have the highest amounts of anthocyanins compared to other species \[[@B10-molecules-25-01837],[@B11-molecules-25-01837]\]. *M. nigra* is generally known as black mulberry. This plant is cultivated in Africa, South America, and Asian countries, including Thailand. Almost all parts of *M. nigra* are utilized for both food and pharmacological properties. Its leaves have been demonstrated to have antinociceptive, anti-inflammatory, and antidiabetic properties \[[@B12-molecules-25-01837]\], while the fruits have historically been used as food because they are rich in nutrition elements, flavonols, and anthocyanins \[[@B11-molecules-25-01837],[@B13-molecules-25-01837]\]. The fruits are also used in traditional medicine as they exert a wide range of health benefits, such as antimicrobial, anti-inflammatory, and antioxidative stress properties \[[@B12-molecules-25-01837],[@B14-molecules-25-01837]\]. Evidence showed that compounds isolated from *M. alba* as artoindonesianin O and inethermulberrofuran C exhibited anti-AD properties \[[@B15-molecules-25-01837],[@B16-molecules-25-01837]\]; however, little is known about the anthocyanin-rich *M. nigra*. Therefore, here, the anti-AD properties of *M. nigra* were investigated. A well-characterized *Morus* cf. *nigra* 'Chiang Mai' (MNCM) that is widely planted in Thailand was used in this study. The mulberry fruits of the mentioned cultivar were determined for their extraction conditions, phytochemical contents, antioxidative stress, and inhibitory activity against AChE, BChE, and BACE-1 in vitro. The extract was also determined for its anti-AD properties, targeting Aβ peptides in the adrenal phaeochromocytoma (PC12) neuronal cells and in a *Drosophila* model of AD. These flies were developed for studying potential therapeutic approaches since human APP and BACE-1 are co-expressed specifically in the central nervous system (CNS), representing the production of Aβ peptides in humans.

2. Results {#sec2-molecules-25-01837}
==========

2.1. Extraction Optimization of Morus cf. nigra 'Chiang Mai' (MNCM) {#sec2dot1-molecules-25-01837}
-------------------------------------------------------------------

To optimize the extraction conditions regarding anti-AD properties of MNCM, aqueous ethanol was utilized as a solvent for anthocyanins extraction. First, the sample (30 mg/mL) was extracted with 0--100% (*v*/*v*) aqueous ethanol at 30°C for 30 min. The results suggested that acetylcholinesterase (AChE) inhibition was optimally achieved when extraction was performed under 0% (*v*/*v*) ethanol (or ultrapure water) ([Table 1](#molecules-25-01837-t001){ref-type="table"}). Inhibition decreased with an increasing percentage of ethanol to 20% (*v*/*v*), and then completely diminished.

The effects of shaking time on AChE inhibition were then investigated by utilizing water extraction of MNCM. The shaking time varied from 0.5 to 6 h and was applied with fixed conditions of a 30 °C extraction temperature and 30 mg/mL extraction concentration. The results suggested that AChE inhibition was continuously elevated with an increased shaking time and achieved the significantly highest inhibition at the 2-h shaking time ([Table 2](#molecules-25-01837-t002){ref-type="table"}). However, AChE inhibition started to decline after reaching this optimal shaking time.

The last parameter for MNCM extraction was the extraction temperature. The effect of temperature (30--90 °C) on AChE inhibition using water extraction conditions of a 2-h shaking time and 30 mg/mL extraction concentration was investigated. The results indicated that AChE inhibition increased with increasing extraction temperature and reached optimal inhibition at 50 °C ([Table 3](#molecules-25-01837-t003){ref-type="table"}). However, when raising the extraction temperature above 50 °C, AChE inhibition declined to the lowest inhibition at 90 °C.

Thus, the optimized extraction conditions of MNCM to achieve the highest AChE inhibition were aqueous-based extraction (ultrapure water) using a 50 °C extraction temperature and 2-h shaking time.

2.2. Antioxidant Activities of MNCM Extract {#sec2dot2-molecules-25-01837}
-------------------------------------------

Antioxidant activities were determined using MNCM extracted under optimized extraction conditions as mentioned above. Antioxidant activities determined by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay suggested that MNCM extract exhibited scavenging activity of 0.40 ± 0.03 µmol TE/100 g DW, while the chelating ability of ferrous ion was 21.33 ± 0.35 µmol TE/g DW as investigated by the ferric ion reducing antioxidant power (FRAP) assay. The antioxidant capacity measured by the oxygen radical absorbance capacity (ORAC) assay was determined at 132.21 ± 8.88 µmol TE/g DW.

2.3. Phytochemical Analysis {#sec2dot3-molecules-25-01837}
---------------------------

It was found that MNCM extracted under optimized extraction conditions exhibited total phenolic contents (TPCs) of 6.93 ± 0.58 mg GAE/g DW. The only anthocyanin detected in MNCM extracted under acidic methanol was cyanidin, with a content of 233.77 ± 24.02 µg/g DW, while anthocyanins were detected as cyanidin-3-O-rutinoside or keracyanin (610.99 ± 9.17 µg/g DW) and cyanidin-3-O-glucoside or kuromanin (730.97 ± 3.61 µg/g DW) utilizing high performance liquid chromatography (HPLC) analysis ([Figure S1](#app1-molecules-25-01837){ref-type="app"}).

2.4. MNCM Extract Inhibits Cholinesterase and BACE-1 Activities in Vitro {#sec2dot4-molecules-25-01837}
------------------------------------------------------------------------

The MNCM extracted under optimized extraction conditions inhibited the key enzymes involved in AD, including AChE, BChE, and BACE-1, at different percentages. The AChE inhibitory activity of MNCM extract with 55.36 ± 4.02% inhibition was lower than BChE inhibition with 81.43 ± 4.56% inhibition at the final extract concentration of 5 mg/mL. Under the same extract concentration, BACE-1 inhibition was reported at 66.34 ± 5.32%.

2.5. MNCM Extract Prevents Aβ Peptide-Induced Toxicity and Promotes Neurite Outgrowth {#sec2dot5-molecules-25-01837}
-------------------------------------------------------------------------------------

To investigate the neuroprotective effect of MNCM extract on PC12 neuronal cells, the cytotoxicity of MNCM extract was studied. PC12 cells were exposed with various concentrations of MNCM extract (50--200 µg/mL) for 24, 48, and 72 h. Results from the resazurin assay ([Figure 1](#molecules-25-01837-f001){ref-type="fig"}A) displayed that all concentrations of MNCM aqueous extract were not toxic to PC12 cells even after 72 h of treatment. We then selected these four concentrations for further analysis.

As mentioned above, MNCM is rich in anthocyanins and anthocyanidins, resulting in antioxidant activities. In addition, free radicals are also involved in the pathogenesis of AD \[[@B17-molecules-25-01837]\]. Therefore, the protective effects of MNCM extract against H~2~O~2~, an oxidative stress inducer, were determined. Pre-treatment of PC12 cells with MNCM extracts (50--200 µg/mL) for 24 h significantly protected cells from oxidative stress-induced cell death in a dose-dependent manner compared with non-pretreated cells, as seen in [Figure 1](#molecules-25-01837-f001){ref-type="fig"}B, confirming the antioxidant activities in vitro.

It is well established that Aβ peptide-induced neuronal toxicity occurs via oxidative stress induction \[[@B18-molecules-25-01837]\]. As illustrated in [Figure 1](#molecules-25-01837-f001){ref-type="fig"}C, PC12 cells were pre-treated with MNCM extract for 24 h before adding Aβ~25--35~ peptides. The Aβ~25--35~ peptides are widely used in AD study. Moreover, they have short fragments but retain active domains of Aβ~1--42~. In addition, the Aβ~25--35~ and Aβ~1--42~ peptides induce neural toxicity in a similar fashion \[[@B19-molecules-25-01837]\]. [Figure 1](#molecules-25-01837-f001){ref-type="fig"}C shows that non-pretreated cells gave approximately 40% cell viability after exposure to Aβ~25--35~ peptides, whereas MNCM extract prevented Aβ peptide-induced toxicity in a dose-dependent manner, similar to [Figure 1](#molecules-25-01837-f001){ref-type="fig"}B. It seemed likely that the 200 µg/mL extract could diminish all adverse effects of Aβ peptides compared with the DI treatment.

Neurite outgrowth is a vital mechanism in neuronal growth and differentiation, and defects in the process might lead to neurodegenerative disorders like AD \[[@B20-molecules-25-01837]\]. Therefore, we determined the effects of MNCM extract on neurite outgrowth. The results in [Figure 1](#molecules-25-01837-f001){ref-type="fig"}D and [Figure S2](#app1-molecules-25-01837){ref-type="app"} show that cells without nerve growth factor (NGF) or MNCM extract contained a lower percentage of neurite-bearing cells, whereas nerve growth factor (NGF) stimulated neurite outgrowth as previously reported. A dose-dependent manner of MNCM extract in stimulating neurite outgrowth was observed. Intriguingly, a high dose of MNCM extract at 200 µg/mL activated neurite outgrowth similar to the NGF-treated cells.

In conclusion, aqueous extract of MNCM was not toxic to PC12 cells, prevented H~2~O~2~ or Aβ peptide-induced cell death, and promoted neurite outgrowth.

2.6. MNCM Extract Reduces Aβ~1-42~ by Inhibiting BACE-1 Activity in a Drosophila Model of AD {#sec2dot6-molecules-25-01837}
--------------------------------------------------------------------------------------------

To further investigate the anti-AD properties of MNCM extract in vivo, we employed a *Drosophila* model to our advantage by co-expressing human APP and BACE-1 specifically in the CNS of fly brains, thereby representing the amyloidogenic pathway. These short memory-deficient AD flies proved to be a useful tool to delineate the preventive effects of food or phytochemicals on the Aβ pathway \[[@B21-molecules-25-01837]\]. First, we investigated safe doses of MNCM extract in *Drosophila* larvae. Larvae were exposed to MNCM extracts (0--1 mg/mL), and then the hatched flies were scored. As seen in [Figure 2](#molecules-25-01837-f002){ref-type="fig"}A, compared to the DI treatment, MNCM extracts up to 500 µg/mL were not toxic, whereas toxicity was observed at 1 mg/mL of MNCM extract. Thus, MNCM extracts at 150, 250, and 500 µg/mL were selected and used for further analysis.

It is known that the cleavage of APP by BACE-1 results in Aβ peptides as AD hallmarks. Hence, the flies were treated with MNCM extract at the indicated concentration from one day after eclosion, and donepezil, an AD drug, was used as the control. After 28 days, heads were collected, and the levels of Aβ~1--42~ peptides were quantified. The data showed that donepezil and 500 µg/mL of MNCM extract reduced Aβ~1-42~ peptide formation by approximately 2 fold compared with DI-treated flies ([Figure 2](#molecules-25-01837-f002){ref-type="fig"}B). A lesser reduction was also observed at 250 µg/mL of MNCM extract, while MNCM extract at 150 µg/mL was not potent enough to reduce Aβ~1--42~ formation, consistent with the cell study.

AD leads to a progressive decline in locomotory coordination. This ability can be measured by the climbing assay in *Drosophila*. Therefore, we tested whether MNCM extract ameliorated Aβ~1--42~-induced motor dysfunction in the AD flies. Using the same treatment as above, at day 28, flies were recorded for their climbing index. As shown in [Figure 2](#molecules-25-01837-f002){ref-type="fig"}C, the DI-treated flies representing AD exhibited an extremely reduced ability to climb compared to the AD-free flies (elav-GAL4), suggesting severe locomotory coordination possibly from high amounts of Aβ~1--42~ peptides ([Figure 2](#molecules-25-01837-f002){ref-type="fig"}B). Interestingly, the climbing index was rescued in a dose-dependent manner when flies were exposed to MNCM extracts at 250 and 500 µg/mL and donepezil.

To test whether MNCM extract acts as a BACE-1 inhibitor and leads to a reduction in Aβ~1--42~ peptides, fly brain lysates at day 28 of treatment were prepared and determined for BACE-1 activity. It was found that MNCM extract at 150 µg/mL and the DI control had the same BACE-1 activity ([Figure 2](#molecules-25-01837-f002){ref-type="fig"}D). However, flies treated with donepezil, and 250 and 500 µg/mL MNCM extract showed significantly decreased BACE-1 activity in AD fly brains. Donepezil is claimed to be a cholinesterase inhibitor, and its BACE-1 inhibitory activity has been documented \[[@B22-molecules-25-01837]\].

In summary, aqueous extract of MNCM reduced Aβ~1--42~ formation and improved locomotor dysfunctions by inhibiting BACE-1 activity in the *Drosophila* model of AD.

3. Discussion {#sec3-molecules-25-01837}
=============

AD is a complex and progressive neurodegenerative disorder and an effective therapy is lacking. Therefore, the identification of novel AD therapeutic agents is urgently required. It is well-documented that oxidative stress and the expression of cholinesterases and BACE-1 play a vital role in AD initiation and progression \[[@B3-molecules-25-01837],[@B4-molecules-25-01837],[@B17-molecules-25-01837]\]; thus, an ideal AD therapeutic agent should function against different AD pathogenic mechanisms \[[@B23-molecules-25-01837]\]. Plants and their bioactive constituents are of great interest due to their safety and efficacy. Indeed, many plant-derived compounds, including phenolic acids and flavonoids, have been reported for their anti-AD properties toward oxidative stress, AChE, BChE, and BACE-1 activities \[[@B23-molecules-25-01837],[@B24-molecules-25-01837]\].

Mulberry has been recognized to be rich in anthocyanins as members of the flavonoids, and especially for *M. nigra*. Therefore, this project aimed to study the anti-AD properties of aqueous extracts of *M.* cf. *nigra* 'Chiang Mai' fruit (MNCM), which is widely grown in Thailand. The major findings were (i) MNCM extract was rich in anthocyanins and anthocyanidins, especially cyanidin, kuromanin, and keracyanin, which are probably involved in antioxidative stress; (ii) MNCM extract exhibited up to 50% inhibitory activity against AChE, BChE, and BACE-1; (iii) MNCM extract protected neuronal cells from H~2~O~2~ or Aβ peptide-induced toxicity and promoted neurite outgrowth; and (iv) MNCM extract reduced Aβ~1-42~ peptides by inhibiting BACE-1 activity in a *Drosophila* model of AD.

Previous reports suggested that mulberry exhibited different degrees of phenolics and antioxidant activities depending on both internal factors (such as cultivars and stages of maturity) and external factors (such as detection methods and extraction conditions) \[[@B25-molecules-25-01837],[@B26-molecules-25-01837]\]. Comparing water-extracted MNCM with the TPCs of 6.39 mg GAE/g DW, five cultivars of Korean mulberries (*M. alba*) extracted under 70% (*v*/*v*) aqueous ethanol exhibited lower TPCs, ranging from 2.2 to 2.6 mg GAE/g DW \[[@B25-molecules-25-01837]\]. Besides, water-extracted MNCM also exhibited higher TPCs than methanolic-extracted *M. alba* collected in North Serbia, with the TPCs ranging from 1.05 to 2.16 mg GAE/g DW \[[@B27-molecules-25-01837]\]. As for antioxidant activities, these values seemed to be greatly affected by both internal and external factors. In comparison to MNCM with ORAC activity of 132.21 ± 8.88 µmol TE/g DW, it was previously suggested that juices from different maturity stages of thornless blackberry exhibited ORAC activities ranging from 86.8--204.1 µmol TE/g DW, while those from red raspberry ranged of 40.8--114.9 µmol TE/g DW \[[@B28-molecules-25-01837]\]. In the same study, juices from various cultivars of ripe strawberry exhibited ORAC activities of 120.8--172.3 µmol TE/g DW. The FRAP activity of MNCM (21.33 ± 0.35 µmol TE/g DW) was comparable to raspberry (28.11 µmol TE/g DW) and cranberry (22.41 µmol TE/g DW) extracted under a mixture of 70% (*v*/*v*) aqueous methanol (MeOH) and 70% (*v*/*v*) aqueous acetone (1:1, *v*/*v*) \[[@B29-molecules-25-01837]\]. Interestingly, the FRAP activity of MNCM was higher than blackcurrant and blueberry (17.81 and 17.27 µmol TE/g DW, respectively) but lower than those of blackberry and black chokeberry (11.63 and 33.16 µmol TE/g DW, respectively) \[[@B29-molecules-25-01837]\]. However, the DPPH radical scavenging activity (0.40 ± 0.03 µmol TE/100 g DW or approximately 0.44 µmol TE/100 g fresh weight with 90% moisture content) of MNCM was lower than blackberries, black mulberries (*M. nigra*), bilberries, and blackthorns ranging from 1.6--8.4 µmol TE/100 g frozen fruit extracted under acidified MeOH (0.1% HCl) \[[@B30-molecules-25-01837]\].

Interestingly, keracyanin (60%) and kuromanin (38%) were the two main anthocyanins detected in mulberry \[[@B31-molecules-25-01837],[@B32-molecules-25-01837]\]. Keracyanin (610.90 µg/g DW) and kuromanin (730.97 µg/g DW) detected in MNCM extract were in the range of those detected in Korean mulberries (30.6--486.7 µg keracyanin/g DW and 93.2--1364.9 µg kuromanin/g DW) \[[@B25-molecules-25-01837]\]. The aqueous extract of MNCM provided good inhibitory activities against AChE, BChE, and BACE-1. It was previously reported that 18 commercially available mulberries (*M. alba*) in Poland, extracted under 80% (*v*/*v*) aqueous methanol, exhibited AChE inhibitory activity in the range of 2.6--37.9% \[[@B33-molecules-25-01837]\]. However, this paper failed to indicate the extract concentration in the enzyme assay, and this cannot be used for comparison with MNCM extract. Considering the predominant anthocyanins and anthocyanidin detected in mulberry, cyanidin was able to inhibit AChE, with IC~50~ of 14.43 µM, while its BChE inhibitory activity was slightly higher \[[@B34-molecules-25-01837]\]. Compared to cyanidin, its anthocyanin glycosides, including keracyanin and kuromanin, with insignificantly different cholinesterase inhibition, exhibited lower inhibitory activity against AChE and BChE \[[@B34-molecules-25-01837]\]. However, an in vitro report on the BACE-1 inhibitory activity of these anthocyanidins and anthocyanidins remains unwritten.

After studying the anti-AD properties in vitro regarding AChE, BChE, and BACE-1, we also examined the anti-AD effects of MNCM extract on PC12 neuronal cells. As shown in [Figure 1](#molecules-25-01837-f001){ref-type="fig"}B,C, pre-treatment with MNCM extract evidently protected cells from H~2~O~2~ or Aβ peptide-induced toxicity. It may be possible that MNCM extract exerted its effective antioxidative properties based on the high amounts of anthocyanins and anthocyanidins as previously mentioned. Furthermore, it has been found that Aβ~25--35~ peptides cause PC12 apoptosis by triggering oxidative stress, lipid peroxidation, and intracellular calcium (\[Ca^2+^\]~i~), similar to that of H~2~O~2~ \[[@B35-molecules-25-01837],[@B36-molecules-25-01837]\], indicating that Aβ~25--35~ peptides lead to mitochondrial dysfunction. Mitochondria is an organelle function in ATP synthesis and Ca^2+^ homeostasis, thus its impairment will provoke \[Ca^2+^\]~i~ release and the apoptotic protease-activating factor 1 (Apaf1)-mediated intrinsic apoptotic pathway. Indeed, Aβ~25--35~ peptides induced Apaf1-mediated cell death, while pre-treatment with ethanolic extract of Chinese *M. nigra* for 24 h followed by Aβ~25--35~ exposure downregulated Apaf1 \[[@B37-molecules-25-01837]\]. Previous studies showed that cyanidin and kuromanin attenuate Aβ-induced PC12 neurotoxicity by maintaining mitochondrial stability \[[@B38-molecules-25-01837]\]. Interestingly, MNCM extract was high in cyanidin, kuromanin, and keracyanin, indicating that MNCM extract may play a role in maintaining mitochondrial stability, which eventually leads to reduced Aβ~25--35~-mediated cell death. Additionally, kuromanin has been reported to reverse ethanol-induced inhibition of neurite outgrowth \[[@B39-molecules-25-01837]\]. Neurite outgrowth is in neuron growth, and poor neurite outgrowth is observed in AD \[[@B20-molecules-25-01837]\]. MNCM extract activated the neurite outgrowth of PC12 cells ([Figure 1](#molecules-25-01837-f001){ref-type="fig"}D). A high dose of MNCM extract at 200 µg/mL activated neurite outgrowth better than that of NGF-exposed cells. This could be because MNCM may enhance the expression of NGF as demonstrated in *M. fructus* \[[@B40-molecules-25-01837]\].

To elucidate the anti-AD properties of MNCM extract in depth, a *Drosophila* co-expressing human APP and BACE-1 was employed. The fruit fly has emerged as a promising alternative model for AD drug screening since transgenic flies carrying AD-related genes demonstrated AD characteristics as in humans \[[@B41-molecules-25-01837]\]. Flies also possess a unique approach for AD study because the elav-GAL4 driver can drive the expression of AD proteins in the brain at an early stage. This was in accordance with one of the present strategies for anti-AD agents to target at the earlier stages \[[@B42-molecules-25-01837]\]. As illustrated in [Figure 2](#molecules-25-01837-f002){ref-type="fig"}B,C,D, MNCM extract inhibited BACE-1 activity, resulting in decreased Aβ~1--42~ peptides and improved locomotor functions in AD flies, in a dose-dependent fashion. The data raise the hypothesis that MNCM extract may penetrate the blood--brain barrier (BBB) and restrain BACE-1 function. It is important to consider that several neurotherapeutic agents worked well in the cell study but not in animal models since they failed to cross the BBB. BACE-1 is a rate-limiting enzyme responsible for amyloid peptide production, thereby making it ideal for AD therapy \[[@B43-molecules-25-01837]\]. Anthocyanins and anthocyanidins are able to cross the BBB, especially kuromanin, and are located in the brain regions contributing to cognitive functions \[[@B44-molecules-25-01837],[@B45-molecules-25-01837]\]. Thus, the present data support that MNCM could be further developed as a potential natural product for AD prevention by targeting BACE-1. Furthermore, in this study, MNCM was extracted by water, making it useful for further application as a functional food for neuroprotection.

4. Materials and Methods {#sec4-molecules-25-01837}
========================

4.1. Mulberry Collection and Preparation {#sec4dot1-molecules-25-01837}
----------------------------------------

*Morus* cf. *nigra* 'Chiang Mai' (MNCM) was sourced from the Queen Sirikit Department of Sericulture. The sample was identified based on the morphology and nuclear ribosomal internal transcribed spacer (nITS) (GenBank: MK946679.1) and deposited at the Bangkok Herbarium (BK), Bangkok, Thailand. The Herbarium voucher specimen is B. Jongruaysup et al. 12-1 (BK). Fruits of uniform color and ripening stage were selected and cleaned before being freeze-dried. Samples were then ground to a fine powder and extracted using ultrapure water (Smart2Pure 3 UV^TM^ Water Purification System, Thermo Fisher Scientific, Waltham, MA, USA) at 50 °C for 2 h.

4.2. In Vitro Antioxidant Activity {#sec4dot2-molecules-25-01837}
----------------------------------

The in vitro antioxidant activity of the mulberry extract was performed from a well-established protocol for 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging activity, oxygen radical absorbance capacity (ORAC), and ferric ion reducing antioxidant power (FRAP) assays \[[@B46-molecules-25-01837],[@B47-molecules-25-01837],[@B48-molecules-25-01837],[@B49-molecules-25-01837]\].

4.3. Total Phenolic Contents, Anthocyanin, and Anthocyanidin Determination {#sec4dot3-molecules-25-01837}
--------------------------------------------------------------------------

Total phenolic contents (TPCs) were determined using Folin-Ciocalteu reagent as described by Thuphairo et al. 2019 \[[@B24-molecules-25-01837]\]. Gallic acid was used as a reference matter, and the TPCs were reported as mg gallic acid equivalent (GAE)/g dried matter (DW) \[[@B24-molecules-25-01837]\]. To determine anthocyanins and anthocyanidins, the mulberry powder was extracted under acidic conditions. The extracts were collected by filtering through a 0.45-μm polytetrafluoroethylene (PTFE) syringe filter. The HPLC analysis (an UtiMate HPLC with an HPG-3400SD pump and a photodiode array detector from DIONEX, Sunnyvale, CA, USA) was performed using Thermo Scientific Chromeleon Chromatography Data System (CDS) software (DIONEX, Sunnyvale, CA, USA) and a Reprosil-Pur ODS-3 column (250 mm × 4.6 mm, 5 µm from Dr. Maisch GmbH, Ammerbuch, Germany). For anthocyanidin analysis, a constant flow rate of 1 mL/min at ambient temperature was employed with an isocratic solvent of 82% Milli-Q water containing 0.4% (*v*/*v*) trifluoroacetic acid (TFA) (Solvent A) and 18% acetonitrile containing 0.4% (*v*/*v*) TFA (Solvent B) over 60 min. For anthocyanin analysis, a constant flow rate of 1 mL/min at ambient temperature was employed. The solvent system is shown in [Table 4](#molecules-25-01837-t004){ref-type="table"}.

Samples were kept in the autosampler at 4 °C until injection (20 µL). The presence of anthocyanins and anthocyanidins was visualized at 525 and 530 nm, respectively. Anthocyanins (cyanidin-3-O-glucoside (kuromanin), cyanidin-3-O-rutinoside (keracyanin), cyanidin-3,5-O-diglucoside (cyanin), cyanidin-3-O-galactoside (idaein), pelargonidin-3,5-O-diglucoside (pelargonin), malvidin-3-O-galactoside (primulin), and petunidin-3-O-glucoside) and anthocyanidins (cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin) were used as standards to identify anthocyanins and anthocyanidins in the sample by comparing their retention times (*R~t~*) and UV-vis spectral fingerprints. All chemicals were received from Sigma-Aldrich (St. Louis, MO, USA).

4.4. Determination of Cholinesterases and Beta-Secretase 1 (BACE-1) Inhibitory Activities {#sec4dot4-molecules-25-01837}
-----------------------------------------------------------------------------------------

Inhibitory activity of MNCM extract against AChE was carried out as previously reported \[[@B24-molecules-25-01837],[@B50-molecules-25-01837],[@B51-molecules-25-01837]\]. In brief, a mixture containing 20 ng of *Electrophorus electricus* AChE (1000 units/mg, 100 μL), 16 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, 10 μL), 0.8 mM acetylthiocholine (40 μL), and the extract (50 μL) were well-mixed. The initial velocity was measured at 412 nm using a microplate reader (Synergy^TM^ HT 96-well UV-visible spectrophotometer using Gen5 data analysis software from BioTek Instruments, Inc., Winooski, VT, USA). Percentage of inhibition was then calculated as follows:$$\%\ {inhibition} = \left( {1 - \frac{B - b}{A - a}} \right)\  \times \ 100,$$ where *A* is the initial velocity of the reaction with enzyme, *a* is the initial velocity of the reaction without enzyme, *B* is the initial velocity of the enzyme reaction with extract, and *b* is the initial velocity of the reaction with extract but without enzyme.

Inhibitory activity of MNCM extract against BChE was determined similarly to AChE, except that 100 ng of equine serum BChE (≥10 units/mg protein, 100 μL) and 0.1 mM butyrylthiocholine (BTCh) were used as the reaction enzyme and substrate, respectively \[[@B24-molecules-25-01837],[@B50-molecules-25-01837]\]. All chemicals and reagents for cholinesterase inhibitory activities were purchased from Sigma-Aldrich (St. Louis, MO, USA).

The BACE-1 activity was determined using a BACE-1 activity detection kit (Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer's instructions and expressed as the percentage of BACE-1 inhibition.

4.5. Cell Culture and Cytotoxicity Analysis by Resazurin Assay {#sec4dot5-molecules-25-01837}
--------------------------------------------------------------

The PC12 neuronal cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Roswell Park Memorial Institute 1640 (RPMI1640), 10% (*v*/*v*) fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA) and 1% (*v*/*v*) penicillin-streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C in a humidified atmosphere containing 5% CO~2~. For cytotoxicity analysis, each well of a 96-well plate of 1 × 10^4^ exponentially growing PC12 cells was seeded and cultured overnight. Then, the cells were exposed to 50, 100, 150 and 200 µg/mL of MNCM extracts for 24, 48, and 72 h. At the indicated time, 20 µL of resazurin dye (CellTiter-Blue^®^, Promega, Madison, WI, USA) was added. One hour later, the fluorescence (emission = 585 nm, excitation = 570 nm) was measured. Cells treated with deionized water (DI) were used as a negative control.

4.6. Prevention of Hydrogen Peroxide (H~2~O~2~) and Aβ Peptide-Induced Toxicity {#sec4dot6-molecules-25-01837}
-------------------------------------------------------------------------------

Each well of a poly-D-lysine (PDL)-coated 96-well plate of PC12 cells was plated and cultured overnight at a density of 2 × 10^4^ cells/mL. Then, the cells were treated with MNCM extracts for 24 h (50, 100, 150, and 200 µg/mL). After that, 300 µM of H~2~O~2~ (Merck, Darmstadt, Germany) or 20 µM of amyloid peptide (Aβ~25--35~) (Bachem, Bubendorf, Switzerland) were added. Forty-eight hours later, cell survival was measured by the resazurin assay, as mentioned above.

4.7. Determination of Neurite Outgrowth {#sec4dot7-molecules-25-01837}
---------------------------------------

Each well of a poly-D-lysine (PDL)-coated 6-well plate of PC12 cells was seeded and cultured overnight at a density of 1 × 10^4^ cells/mL. Cells were then treated with MNCM extracts at 50, 100, 150, and 200 µg/mL in RPMI1640 with 0.5% FBS for one week, and the medium was changed every two days. The nerve growth factor (NGF) (Sigma-Aldrich, St. Louis, MO, USA) at 50 ng/mL was used as a positive control. Before analysis under a phase-contrast microscope, the neurite-bearing cells were fixed with 4% paraformaldehyde. The percentage of neurite-bearing cells was expressed. At least three independent experiments were carried out.

4.8. Drosophila Stocks and Culture {#sec4dot8-molecules-25-01837}
----------------------------------

Fly stocks (elav-GAL4 (8760) and UAS-APP-BACE-1) (33798)) were obtained from the Bloomington Stock Center at Indiana University. After eclosion, F1 progeny flies obtained from the mating between elav-GAL4 and UAS-APP-BACE-1 were cultured on Formula 4-24 blue^®^ medium (Carolina, Burlington, NC, USA) containing MNCM extract or DI (control) at 28 °C for 28 days. Flies were transferred to fresh media every 2--3 days. The *Drosophila* study was approved by Mahidol University-Institute Animal Care and Use Committee (MU-IACUC) (COA.No.MU-IACUC 2018/022).

4.9. Climbing Assay {#sec4dot9-molecules-25-01837}
-------------------

The assay was determined following the published method \[[@B52-molecules-25-01837]\]. At day 28 after treatment, 20 to 30 flies were placed in a transparent tube. After tapping, their rate of climb to the top of the tube was recorded and analyzed. At least three independent experiments were performed.

4.10. Quantification of Aβ Peptide by Enzyme-Linked Immunosorbent Assay (ELISA) {#sec4dot10-molecules-25-01837}
-------------------------------------------------------------------------------

Quantification of Aβ peptide was performed as reported with slight modification \[[@B53-molecules-25-01837]\]. The heads of F1 progeny flies at day 28 were collected and homogenized in 5 M guanidine-HCl containing 2X Halt protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, USA). Then, the protein concentration was measured using the BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Before sample loading, a serial dilution of supernatants was made with ELISA diluent buffer containing protease inhibitor cocktail. After following the manufacturer's instructions (human Aβ~42~ ELISA kit (Thermo Fisher Scientific, Waltham, MA, USA)) the samples were measured at 450 nm. The concentration of Aβ~1-42~ peptides was calculated and compared with standard recombinant human Aβ~1-42~.

4.11. Determination of BACE-1 Activity in Fly Brain Lysate {#sec4dot11-molecules-25-01837}
----------------------------------------------------------

The heads of F1 progeny flies at day 28 were collected and homogenized in T-PER tissue protein extraction reagent (Thermo Fisher Scientific, Waltham, MA, USA). Then, the protein concentration and BACE-1 activity were measured as mentioned above within the same day.

We thank Kanchana Pruesapan, Plant Varieties Protection Division, Department of Agriculture, Bangkok for identification of the sample. We also thank Woorawee Inthachat for artwork editing and personal assistant.

###### 

Click here for additional data file.

The following are available online at <https://www.mdpi.com/1420-3049/25/8/1837/s1>, Figure S1: High-performance liquid chromatography (HPLC) chromatograms of (A.) cyanidin chloride standard (B.) kuromanin and keracyanin standard (C.) anthocyanidin analysis of MNCM extract and (D.) anthocyanin analysis of MNCM extract. The retention times (*R~t~*) of cyanidin chloride, kuromanin and keracyanin in MNCM extract was also indicated; Figure S2: Representative images from the neurite outgrowth study showing neurite-bearing cells of (A.) control, (B.) MNCM extract-treated cells at 50 µg/mL, (C.) MNCM extract-treated cells at 100 µg/mL, (D.) MNCM extract-treated cells at 150 µg/mL, (E.) MNCM extract-treated cells at 200 µg/mL, and (F.) NGF-treated cells at 50 ng/mL.
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![(**A**) Determination of safe doses of MNCM extract on the cell viability of PC12 cells after 24, 48, and 72 h of MNCM extract treatment, the percentage of cell viability is displayed. (**B**) Preventive effects of MNCM extract on H~2~O~2~-induced cell death, cells were pre-treated with the extract (50--200 µg/mL) for 24 h, then 300 µM of H~2~O~2~ was added for another 24 h. The percentage of cell viability is illustrated. (**C**) Preventive effects of MNCM aqueous extract on Aβ peptide-induced cell death, cells were pre-treated with MNCM extract (50--200 µg/mL) for 24 h, then 20 µM of Aβ peptides were added for another 24 h. The percentage of cell viability is illustrated. (**D**) Effects of MNCM extract (50--200 µg/mL) on neurite outgrowth compared with the nerve growth factor (NGF, 50 ng/mL). The data are represented as the percentage of neurite-bearing cells. The bar graphs are representative of three experiments and show mean ± standard deviation (SD). The one-way ANOVA followed by Tukey's test was used to determine the differences between groups. \*\*\*, *p* \< 0.001.](molecules-25-01837-g001){#molecules-25-01837-f001}

![(**A**) Determination of safe doses of MNCM extract in fly larvae, the third-instar larvae were fed with MNCM extract (150 µg/mL--1 mg/mL). The surviving flies were counted within 5 days after the first eclosion and the percentage of the survival rate was calculated. (**B**) Effects of MNCM extract on the accumulation of Aβ~1--42~ peptides in fly brains. Flies were treated with MNCM extract (150--500 µg/mL) for 28 days, and after that fly heads were lysed and subjected for ELISA. (**C**) Effects of MNCM extract (150--500 µg/mL) on the locomotory coordination (climbing) of AD flies after 28 days of treatment. (**D**) Effects of MNCM extract on the BACE-1 activity in fly brains. Flies were treated with MNCM extract (150--500 µg/mL) for 28 days, then fly heads were lysed and subjected for BACE-1 activity determination. The data are representative of three replicates and show mean ± standard deviation (SD). The one-way ANOVA followed by Tukey's test was used to determine the differences between groups. \*\*\*, *p* \< 0.001.](molecules-25-01837-g002){#molecules-25-01837-f002}
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###### 

Effects of different percentages of aqueous ethanol on MNCM extraction regarding AChE inhibition.

  --------------------------------------------------------------------------------------------------------------------------------------------------
  Independent Variable\                     Dependent Variable\   Controlled Variables
  (Solvents, % (*v*/*v*) Aqueous Ethanol)   % AChE Inhibition     
  ----------------------------------------- --------------------- ----------------------------------------------------------------------------------
  0% (*v*/*v*) (ultrapure water)            40.29 ± 1.27 ^a^      Extraction temperature 30 °CShaking time 30 minExtraction concentration 30 mg/mL

  20% (*v*/*v*)                             27.07 ± 1.36 ^b^      

  40% (*v*/*v*)                             ND \*                 

  60% (*v*/*v*)                             ND \*                 

  80% (*v*/*v*)                             ND \*                 

  100% (*v*/*v*) (absolute ethanol)         ND \*                 
  --------------------------------------------------------------------------------------------------------------------------------------------------

Values expressed are mean ± standard deviation (SD) of triplicate experiments (n = 3). Lower letter case indicates significant differences in each column at *p* \< 0.05 calculated by one-way analysis of variance (ANOVA) and Duncan's multiple comparison test. \* ND = not detected.
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###### 

Effects of different shaking times on MNCM extraction regarding AChE inhibition.

  ----------------------------------------------------------------------------------------------------------------------------------------
  Independent Variable\   Dependent Variable\   Controlled Variables
  (Shaking Time, h)       % AChE Inhibition     
  ----------------------- --------------------- ------------------------------------------------------------------------------------------
  0.5                     27.63 ± 0.42 ^c^      Extraction temperature 30 °CExtraction solvent of waterExtraction concentration 30 mg/mL

  1                       33.63 ± 0.97 ^b^      

  2                       43.35 ± 3.32 ^a^      

  4                       30.18 ± 1.15 ^c^      

  6                       28.41 ± 0.58 ^c^      
  ----------------------------------------------------------------------------------------------------------------------------------------

Values expressed are mean ± standard deviation (SD) of triplicate experiments (n = 3). Lower letter case indicates significant differences in each column at *p* \< 0.05 calculated by one-way analysis of variance (ANOVA) and Duncan's multiple comparison test.

molecules-25-01837-t003_Table 3

###### 

Effect of different temperatures on MNCM extraction regarding AChE inhibition.

  -------------------------------------------------------------------------------------------------------------------------------
  Independent Variable\   Dependent Variable\   Controlled Variables
  (Temperature, °C)       % AChE Inhibition     
  ----------------------- --------------------- ---------------------------------------------------------------------------------
  30                      27.89 ± 1.36 ^b^      Extraction solvent of waterShaking time of 2 hExtraction concentration 30 mg/mL

  50                      32.20 ± 2.67 ^a^      

  70                      23.66 ± 2.16 ^c^      

  90                      11.29 ± 0.18 ^d^      
  -------------------------------------------------------------------------------------------------------------------------------

Values expressed are mean ± standard deviation (SD) of triplicate experiments (n = 3). Lower letter case indicates significant differences in each column at *p* \< 0.05 calculated by one-way analysis of variance (ANOVA) and Duncan's multiple comparison test.
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###### 

Solvent system of anthocyanin analysis using HPLC.

  Time (min)   Solvent A   Solvent B
  ------------ ----------- -----------
  0            88          12
  6            88          12
  8            85          15
  25           85          15
  25           88          12
  30           88          12

Solvent A = Milli-Q water containing 0.4% (*v*/*v*) TFA; solvent B = acetonitrile containing 0.4% (*v*/*v*) TFA.

[^1]: These authors contributed equally to this work.
